Abstract: Porous conjugated networks with alternating bimetallic porphyrin sides (Fe, Co) were obtained from Suzuki polycondensation and used for the template-free preparation of metal nitrogen-doped carbons as electrocatalyst for oxygen reduction reaction (ORR). Subsequent pyrolysis of the networks reveals the key role of pre-morphology and network composition on the active sites. 57Fe-Mößbauer spectroscopy was conducted on iron catalysts (Fe; Fe/Co) to determine the coordination of Fe within the N-doped carbon matrix and the catalytic activityenhancing shift in electron density. The bimetallic catalyst demonstrates a synergetic effect for cobalt and iron active sites, mainly through a 4-electron transfer process, achieving an onset potential of 0.87 V (versus a reversible hydrogen electrode) and half-wave potential of 0.76 V, which is only 0.08 V less than that of the state-of-the-art Pt/C catalyst. Long-term stability test reveals its superior robustness over that of the Pt/C catalyst.
Introduction
Electrochemical energy storage and conversion is of increasing importance to master the progressive demand for energy, urging the development of new materials applied in many technologies such as batteries, electrolysers and fuel cells. For polyelectrolyte membrane fuel cells (PEMFCs), the common catalyst for the oxygen reduction reaction (ORR) is based on Pt or Pt-alloys that suffer from high costs, scarcity and lack of stability. [1, 2] Versatile classes of materials, including molecular non-noble metal complexes, metal oxides, metal chalcogenides and metal-free heteroatom-doped carbons, have been evaluated as alternatives for Pt-based catalysts over the past several decades. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In particular, nitrogen-coordinated transition metals have received attention since Jasinski reported the electrocatalytic activity of Co-phthalocyanine in 1964. [14] However, molecular catalysts exhibit neither sufficient catalytic activity nor long-term stability due to decomplexation of the transition metal. [15] To overcome this drawback, porous carbon supports have been impregnated with nitrogen-containing transition metal complexes and subsequently converted into metal-nitrogen-doped carbon upon pyrolysis under inert atmosphere. [16] [17] [18] [19] [20] [21] Thus, the activity and durability of the catalyst during the ORR process can be significantly improved. [22] Although the detailed structure of the catalytically active sites remains elusive, it is commonly accepted that nitrogencomplexed transition metals (MN4-x, M: Fe, Co, Cr, Mn) incorporated within a carbon matrix play a crucial role in ORR, particularly in acidic media. [7, 23] In addition to nitrogen-containing metal complexes such as phthalocyanines and porphyrins, which are composed of MN4 centers, much effort has been devoted to the development of highly active ORR catalysts by simply blending individual carbon, nitrogen and metal sources or metal-chelating polymers. [21, [23] [24] [25] Although MN4 sites can be created by thermal treatment of such precursor systems, numerous metallic nanoparticles of different size are often formed during pyrolysis. [26] [27] [28] This undesired agglomeration of metals is commonly observed for the impregnation method, in which the metal complex precursor is weakly bound or physically adsorbed on the carbon support, and leads to a decrease in the catalytic activity of these materials. [29, 30] For this reason, the optimization of the precursor composition has been intensively studied, and it has been found that a suitable amount of metal within the precursor or sulfur as an additive is necessary to limit metal nanoparticle growth. [18, [31] [32] [33] [34] Additionally, to provide a high density of active sites as well as unhindered mass transport, the carbon support must feature a large surface area and porous structure. Therefore, hard templates, such as ordered porous silicas or metal oxides, have also been used as supports for ORR catalysts. [21, 35, 36] However, the removal of the costly inorganic template is difficult and increases the number of working steps. To circumvent such disadvantages, metalorganic frameworks (MOFs) have been recently reported to act as formative soft templates, which can be decomposed during pyrolysis. [37] Nevertheless, this fabrication method requires an elaborate heat treatment in a hazardous atmosphere and is associated with enormous mass loss. In the end, precursorcontrolled pyrolysis of porous polymer frameworks has realized the template-free preparation of self-supporting metal-nitrogendoped carbon materials in a one-step approach. [38] Polymer [39] Numerous comparative and computational studies have indicated that iron-containing and particularly bimetallic catalysts have enhanced activity towards ORR. [40, 41] Because FeN4-sites have a higher calculated binding energy to oxygen than CoN4-sites, the oxygen-oxygen bond is more extended when coordinated to FeN4-sites. Therefore, its reductive cleavage is facilitated and the evolution of hydrogen peroxide is limited. By contrast, when O2 is adsorbed on CoN4-sites, the probability of oxygen-oxygen bond cleavage decreases and H2O2 will desorb before it can be completely reduced to water. However, desorbed H2O2 might interact with another active site to be further reduced to water as suggested by the dependency of electrode thickness versus peroxide evolution. [42] properties are displayed in Figure 1 and Figure S1 . -characteristic for aromatic quaternary carbons -was observed. [44] These results indicate a successful formation of CMPs with high polymerization degree.
From nitrogen adsorption measurements, the surface area was To expose more active sites, the metal-nanoparticles were leached out of the M-CMP-800* samples and the networks were subsequently subjected to a second heat treatment at 800 °C.
These samples are denoted as Fe/Co-CMP-800, Co-CMP-800
and Fe-CMP-800, respectively. Interestingly, the surface area of Because most of the non-coordinated metal -with the exception of encapsulated nanoparticles -was etched out, the higher metal ratio in the bimetallic catalyst Fe/Co-CMP 800 suggests the presence of more active sites.
To evaluate the nature of the active sites, the iron-containing catalysts were subjected to 57 Fe-Mößbauer spectroscopy studies. Structural transformations due to pyrolysis were already confirmed via high resolution nitrogen XPS. The Mößbauer spectra of both catalysts are given in Figure 4 and reveal a heterogeneous composition of the catalysts with respect to iron.
Both catalysts contain three FeN4-centers (D1-D3) and a minor amount of iron species without nitrogen coordination that correspond to iron nanoparticles and iron carbide. Mößbauer parameters and assignments for the iron species are summarized in Table 1 . The species assignments were made by a comparison of the Mößbauer parameters of our iron sites to values reported in the literature on FeN4-macrocycles and inorganic iron compounds. Major disparities between the deconvoluted spectra of both catalysts are related to the absorption areas of the different iron sites. Doublet D1 (green) corresponds to ferrous FeN4 in a low-spin state (S = 0) that was reported to be the active species towards ORR in other porphyrin-based and alternatively prepared catalysts. [26, 28, 48] The doublet D2 has Mößbauer parameters similar to those of crystalline iron phthalocyanine (FePc). [49] In its crystalline form, both the square planar nitrogen coordination as well as interactions with nitrogen atoms in the axial direction (from FePc molecules on top or below) contribute to the quadrupole splitting, which is much larger than other Fe(II)-N4 sites with intermediate spin. We assume that a similarly pseudo-sixfold coordination of D2 is exclusively realized inside the material and inhibits their contribution to the catalytic activity. Doublet D3 can be assigned to the square planar Fe(II)-N4 with intermediate spin. [50] In the bimetallic catalyst Fe/Co-CMP-800 doublet D1 represents the major iron species whereas the monometallic catalyst Fe-CMP-800 primarily consists of the iron species assigned to D2. Such distinct formation of iron species is reasonable in consideration of the discontinuous and the contiguous morphology of Fe/Co-CMP-800 and Fe-CMP-800, respectively.
Besides morphology, the chemical structure of the precursor influences the formation and growth of iron nanoparticles which causes further destruction of active sites during heat treatment. [29, 34] Since the lower solubility of carbon in cobalt than in iron at pyrolysis temperatures, the accumulation of nanoparticles is less pronounced for cobalt containing catalysts. [51, 52] These are important points in terms of possible optimization of the synthesis routes. Additionally, the 3d electron density at the iron center of Fe/Co-CMP-800 is more favorable for ORR catalysis, as indicated by the higher isomer shift of D1 (0.46 versus 0.42 mm s -1 ). [26] The slightly higher absorption area of D1 and especially its higher isomer shift of Fe/Co-CMP-800
towards Fe-CMP-800 can explain the higher catalytic activity. A charge transfer from neighboring cobalt sites might be the cause of this higher isomer shift, but a more detailed investigation would be required to confirm this. To evaluate the ORR activity and selectivity, linear sweep voltammograms (LSV) were recorded in N2-and O2-saturated 0.5 M H2SO4 using a rotating disc electrode (RDE) with a catalyst loading of 0.6 mg cm -2 . First, the influence of the pyrolysis temperature on the electrocatalytic activity of Fe/Co-CMP was investigated. As displayed in Figure 5a , 800 °C was found to be the optimized pyrolysis temperature in accord with temperature-activity trends in carbon-supported porphyrinbased catalysts. [53] In Figure 5b suggests the presence of more exposed active sites and/or a higher turnover frequency for the bimetallic catalyst. This behavior can be explained by the higher electron density at the iron sites, as indicated from the Mößbauer analysis.
Furthermore, the half-wave potentials of Co-CMP-800 and
Fe-CMP-800 were determined to be 0.72 V and 0.73 V, respectively, which are comparable values to those of other monometallic porphyrin polymer-derived catalysts. [38, 39, 54] Strikingly, the bimetallic catalyst Fe/Co-CMP-800 demonstrated a more positive half-wave potential of 0.76 V, which is only 0.08 V less than that of Pt/C (20 wt%, BASF). Aside from low overpotential, a selective reduction of oxygen to water is relevant for its application in PEMFCs. Incomplete 2e --reduction releases hydrogen peroxide, which might corrode the cell membrane and the catalyst material itself. Furthermore, the power output would strongly benefit from the complete reduction of oxygen. Therefore, the electron transfer number (ETN) of the electrocatalysts and their corresponding H2O2 ratios were determined by rotating ring disc electrode (RRDE) measurements (Figure 5c ). From the data, the H2O2 evolution of Co-CMP-800 is significantly higher than that observed for the iron-containing catalysts Fe-CMP-800 and Fe/Co-CMP-800.
This result indicates preferential 2e --reduction in Co-CMP-800 with respect to Fe-containing catalysts and is in accord with previous findings on selectivity in metal-nitrogen-doped catalysts. [56] Interestingly, the H2O2 formation for all three catalysts increased with decreasing potential. For Co-CMP-800, it exceeded 40% at U < 0.25 V, demonstrating less selectivity for cobalt-based electrocatalysts. [57] For the iron-containing catalysts Fe-CMP-800 and Fe/Co-CMP-800, a 4e --transfer was almost exclusively observed. Particularly, in the potential range of 0.6 V to 0.8 V -that is the intended range for fuel cell applications -iron-based Fe-CMP-800 exposes a high selectivity, generating only 2.8% to 1.3% H2O2, respectively. In terms of selectivity, the bimetallic catalyst Fe/Co-CMP-800 ( Figure 5 ) behaves more similarly to iron-containing Fe-CMP-800 than to Co-CMP-800. We assume that for with face-to-face arrangement of the metal centers. [58] Additionally, Fe/Co-CMP-800 demonstrates a limiting current density of 4.2 mA/cm², while Fe-CMP-800 merely reaches 
Conclusions
In conclusion, we have demonstrated a template-free synthesis of Fe/Co nitrogen-doped carbon catalysts derived from the bimetallic porphyrin based conjugated polymer networks with intrinsic porosity, large surface areas, excellent thermal stability and high densities of precisely connected MN4 units. The bimetallic catalyst combines the physical properties of the cobalt-based catalyst (discontinuous, ribbon-like structure) with the advantages of the electrochemical properties of iron-based catalysts (high onset potential, low hydrogen peroxide evolution). Therefore, the bimetallic catalyst benefits from the two following aspects resulting in an improvement of the electrochemical performance towards ORR: 1) due to the presence of CoN4, the formation of catalytic inactive nanoparticles is diminished and the ratio of the catalytically active FeN4-species is increased; 2) the poor catalytic selectivity of CoN4 is compensated by the spatial proximity of CoN4-and FeN4-sites; and 3) a higher electron density at the FeN4-sites is achieved. With this enhanced comprehension, we believe that the performance of non-precious metal-based ORR catalysts could be further improved via the rational positioning of active MN4 sites in the carbon matrix, which would help develop novel electrocatalysts for various electrochemical reactions.
